Objective: Previous studies suggest that the unexplained sudden and severe onset of obsessive-compulsive disorder (OCD) and/or tics may be infection or immune precipitated. Beta lactam antibiotics may be neuroprotective beyond their antimicrobial efficacy. We examine the preliminary safety and efficacy of cefdinir in reducing obsessive-compulsive and/or tic severity in children with new-onset symptoms. Method: Twenty subjects were randomized to receive placebo or cefdinir for 30 days for the treatment of recent-onset OCD and/or tics. The placebo group received a comparable inactive treatment matched for taste, color, and consistency. The Children's Yale-Brown Obsessive-Compulsive Scale (CY-BOCS) and Yale Global Tic Severity Scale (YGTSS) were the primary outcome measures utilized. Results: Subjects receiving cefdinir saw notable improvements in tic symptoms, with 44.4% showing at least a 25% reduction in YGTSS (mean decrease = 9.5) scores compared with 9.1% of the placebo group (mean decrease = 0.13). Despite improvements, significant group differences were not observed for YGTSS (F [1, 13] = 4.03, p = 0.066) although there were moderate differences between group treatment effects (d = 0.72). For OCD symptoms, subjects receiving cefdinir saw improvements in OCD symptoms, with 33.3% showing at least a 25% reduction in CY-BOCS scores (mean decrease = 7.8) compared with 27.3% of the placebo group (mean decrease = 4.7), but there were also no significant differences for CY-BOCS (F [1, 13] = 0.385, p = 0.546; d = 0.24). Conclusions: Subjects assigned to cefdinir exhibited notable, albeit nonstatistically significant, improvements in tic symptoms, compared with the placebo group. There were also some improvements in OCD symptoms, although these were not significant. Overall, cefdinir was well tolerated. Given these preliminary results, a fully powered study is warranted to explore the efficacy of cefdinir as a therapeutic tool for new-onset pediatric neuropsychiatric symptoms, particularly those that appear to be precipitated by infection.
Introduction
C haracterized by intrusive thoughts or impulses (obsessions), and repetitive behaviors or compulsions aimed at reducing distress, obsessive-compulsive disorder (OCD) often presents during childhood and early adolescence, with significant neuropsychiatric and neurological comorbidity. The etiology of OCD, like most neuropsychiatric disorders, remains largely unknown, although genetic predisposition and neurotransmitter dysfunction have been among the most prominent theories, with evidence of a familial association as well as abnormalities in serotonin, dopamine, and glutamate systems (Adams et al. 2005; Lazar et al. 2008; Pittenger et al. 2011) .
Tic disorders, which also present during childhood with a predominantly prepubertal onset, have a particularly strong cooccurrence with OCD, with a reported 50% rate of comorbidity among those with the disorder (Bloch et al. 2006) . Classified based on type (verbal and/or motor) and duration, tic disorders can range from provisional to chronic to Tourette's disorder. In patients with comorbid OCD/tics, OCD symptom onset often occurs when tics are most severe, and often present with distinct features, including greater rates of symmetry obsessions; and counting, repeating, ordering, and arranging compulsions compared with OCD, which presents without comorbid tic symptoms (Leckman et al. 1994) . Tic disorders often follow an intermittent course, with periods of symptom exacerbations/flares, or increased intensity and frequency of tics, followed by periods of symptom waning. The presentation or onset of symptoms in OCD and tic disorders, as well as their course, can vary significantly among patients. The inciting ''trigger'' may also significantly impact symptom onset and course characteristics. In some patients, the onset of symptoms can be ''acute,'' signifying a dramatic and abrupt onset of symptoms reaching a level of significant impairment within 24-48 hours, whereas in others the onset is insidious. The etiology of tic disorders, like OCD, is unclear and surrounded by significant debate, although genetics, neurochemical abnormalities, and basal ganglia dysfunction appear to be the most likely mechanisms ( Jijun et al. 2010; Lerner et al. 2012; Moya et al. 2013) .
Recently, the role of infection and resulting immunological disruptions has been implicated in the pathology of tic disorders and OCD. This theory has been strengthened by findings from animal models and clinical studies suggesting that early life immune challenges can lead to later neuropathology. In schizophrenia, for example, perinatal insults resulting in immune activation have been linked to the occurrence of the disorder, particularly the neuropathological, behavioral, and immune abnormalities observed in these patients (Patterson 2009; Winter et al. 2009; Brown 2012) .
Perhaps most convincing, however, have been observations made in Sydenham's chorea, a neurological disorder that occurs in a subset of individuals with rheumatic fever (RF), which presents with a high rate of OCD comorbidity (Swedo et al. 1989) . Patients with Sydenham's chorea experience involuntary movements and behavioral changes thought to be the result of streptococcalinduced autoimmune reaction targeted at the basal ganglia (Bronze and Dale 1993; Kirvan et al. 2006) . Similarly, a subset of children were observed to present with tics following acute infection (Kiessling et al. 1993) . Originally described in a group of 50 patients by Swedo et al., and termed ''pediatric autoimmune neuropsychiatric disorders associated with streptococcus'' (PANDAS), patients were noted as experiencing a sudden onset or exacerbation of symptoms of OCD and/or tics following group A streptococcus (GAS) infection (Swedo et al. 1998) . Additionally, these patients presented with deterioration in their previous level of functioning, including academic difficulties, changes in personality, and severe mood disturbances (Lewin et al. 2011) . More recently, the PANDAS classification has been expanded to include infections from other agents such as mycoplasma pneumonia, influenza, and Lyme infections following observations of influenza, and Lyme disease triggering OCD and/or tics (Allen et al. 1995; Muller et al. 2004) . The term ''pediatric acuteonset neuropsychiatric syndrome'' (PANS) accommodates these other ''triggers,'' and now emphasizes the acute and severe onset of OCD or food refusal (Swedo et al. 2012) .
Current treatments for OCD rely primarily on antidepressant and cognitive-behavioral interventions, whereas treatment of tic disorders rely on a 2 agonists, antipsychotics, and behavioral intervention, although the presence of comorbid conditions often makes treatment response variable. Patients with OCD and comorbid tics, for example, are likely to be less responsive to serotonin reuptake inhibitor (SSRI) treatment than their counterparts without tics (March et al. 2007; Pallanti et al. 2011) , and those with PANDAS may be more prone to behavioral activation with antidepressants (Murphy et al. 2006) . In PANS/PANDAS patients with sudden onset OCD and/or tics, in whom infection has been clinically confirmed, preliminary studies have reported symptom improvements following antibiotic intervention (Murphy and Pichichero 2002; Murphy et al. 2012) . Although the validity of the PANDAS/PANS diagnosis remains heavily debated (Murphy et al. 2010) , symptom flares or continued symptoms may be caused by undetected and untreated infections, as previously observed in RF, making antibiotic intervention a potentially useful therapeutic tool (Lee et al. 2000) .
Beta-lactam antibiotics, such as the penicillins and cephalosporins, are first line options for eliminating GAS infections, and possess low levels of GAS resistance, with some studies suggesting that cephalosporins are more efficacious than the penicillins for GAS pharyngitis, with higher efficacy against b lactamase producing bacteria (Casey and Pichichero 2004; Pichichero and Casey 2006) . Recent studies have highlighted the neuroprotective properties of b-lactam antibiotics beyond their antimicrobial efficacy, when found to promote the expression of glutamate transporter GLT1, a neurotransmitter system also implicated in OCD and tic disorder (Rothstein et al. 2005) .
In this study, we investigated the feasibility, tolerability, and preliminary efficacy of cefdinir, a third generation, broad-spectrum cephalosporin, in the treatment of children with new-onset OCD and/or tics. We hypothesized that children receiving antibiotics would show greater overall improvement in symptom severity than children receiving placebo.
Methods

Participants
Youth between 4 and 13 years of age with a history of recent (but not necessarily sudden and severe) onset of OCD and/or tics and symptom duration £ 6 months were included in the study. Subjects were recruited based on criteria previously described by Murphy et al. (2012) . Briefly, all subjects met Diagnostic and Statistical Manual of Mental Disorders, 4th ed. criteria for OCD (American Psychiatric Association 1994), a tic disorder, or both, with diagnosis confirmed by clinical interview with the first author and a semistructured diagnostic interview conducted by a trained clinician. Youth were excluded if any of the following were present: Active psychosis, mania, current suicidal intent, a diagnosis of intellectual deficiency, or other psychiatric conditions (based on clinical interview with a child psychiatrist) that would limit their ability to participate in study-related procedures. Youth who were nonresponders to prior trials with antibiotic(s) for OCD/tics were also excluded from the study. Those on stable doses of psychotropic medication for their condition were not excluded. Table 1 details sample characteristics. The presiding institutional review board approved all study procedures. Subjects were screened for study eligibility over the phone or at their clinic visit by either a research coordinator or a study investigator. After being given a description of the study and providing the appropriate written consent and assent, parents and youth were given a battery of assessments to complete at a scheduled study visit.
Clinical assessments
Assessments consisted of comprehensive parent, child, and clinical ratings for OCD, tics, and attention-deficit/hyperactivity disorder (ADHD); neurological/physical examinations; and assessments of medication tolerability. Medical record reviews were also completed. Maternal and paternal family histories were collected, including history of autoimmune disorders, chronic conditions, and psychiatric history. As this study focused on the efficacy of cefdinir in reducing the symptoms of OCD/tics and did not require evidence of an infectious trigger, laboratory assessment of streptococcal antibodies was not required, but was noted if available in medical records.
All assessments were conducted or reviewed by the first author or, for the Children's Yale-Brown Obsessive Compulsive Scale (CY-BOCS) (Scahill et al. 1997 ), the Yale Global Tic Severity 2 MURPHY ET AL.
Scale (YGTSS) (Leckman et al. 1989) , and the Clinical Global Impressions Scale (CGI) (Busner and Targum 2007), by a trained clinician with experience in pediatric OCD and tic disorders. Raters with demonstrated reliability with all instruments were utilized in this study. All study personnel, except the study pharmacist, were blinded to group status. Parent ratings for inattention, impulsivity, hyperactivity, and oppositionality were assessed by the Swanson, Nolan, and Pelham-IV Parent Scale (SNAP-IV) (Swanson 1992), whereas mood, ADHD, OCD, and tics were assessed using the Tourette's Disorder Scale (TODS), a parent-rated scale measuring symptom severity for irritability, motor and vocal tics, mood, and ADHD (Shytle et al. 2003) .
For the CY-BOCS assessment, scores were analyzed for patients presenting with a clinical diagnosis of OCD or OCD/tics. Similarly, for the YGTSS assessment, scores were analyzed for patients presenting with a clinical diagnosis of tics or OCD/tics. Assessments were conducted at baseline to provide information on their utility in clinical practice and response prediction, and at the end of study to assess treatment efficacy. The onset and course characteristics (sudden and severe onset, recent but not sudden and severe onset, episodic, chronic), type of neuropsychiatric symptoms, and evidence of an infectious trigger were determined using a clinical interview and all available clinical documentation (see Table 1 ). Adverse events were carefully monitored. During the study, if a child developed a clinical infection that needed antibiotic therapy as recommended by the primary care provider, the study medication was held for the duration of that treatment, and study medication was resumed immediately upon completion of prescribed antibiotic.
Randomization and treatment
Subjects were randomized to the antibiotic group receiving 14 mg/ kg per day in two daily doses (max 600 mg) or placebo for a total of 30 days. The placebo was matched for taste, color, and consistency to cefdinir suspension. Both cefdinir and placebo were dispensed in identical bottles, without manufacturer label or any other identifying information. For the purpose of this study, an important attribute of cefdinir was its increased palatability, with reports suggesting preferred taste and smell compared with other antibiotics, particularly for liquid formulations. As a large portion of our patients have difficulty swallowing tablets, necessitating the use of liquid formulations, the observed preference for cefdinir over other antibiotics makes this favorable in an effort to maintain the blinded nature of the study, avoiding the significant taste differences between cefdinir and placebo that may be encountered with other antibiotics.
Of the 24 subjects consenting, 21 met study inclusion criteria to be randomized to receive either placebo or a standard treatment dose of cefdinir. Once randomized, the study medications were dispensed in a double-blind manner, with randomization conducted by a research pharmacy using a computer program 1:1 ratio stratification of cefdinir or placebo according to primary tic disorder versus non-tic disorder. Ten were randomized to receive cefdinir treatment (9 actually began the study medicine as one subject withdrew prior to beginning treatment), and 11 to receive placebo ( Fig. 1) . Subjects returned every 2 weeks for assessment of study compliance, symptom improvement, and adverse events, and were instructed not discuss the specifics such as taste or color of study medication with anyone on the study team, except the pharmacist dispensing the medication.
Statistical analysis
Analysis of covariance (ANCOVA) was used to evaluate group differences in symptom severity between the cefdinir and placebo groups at posttreatment, controlling for the respective baseline variable. Cohen's d was used to determine within-group and between-group effect sizes, given the limited sample size employed in this study, with positive outcomes representative of symptom improvement. Cohen's d values of 0.2 < d < 0.5 were considered representative of a small treatment effect, values of 0.5 < d < 0.8 were considered representative of a moderate or medium effect, and values of d > 0.8 were considered representative of a large effect. SPSS statistical software was used to analyze all data, and an a of 0.05 was used to define statistical significance, given the pilot nature of this trial; no other statistical correction procedures were implemented. 
Results
Enrolled subjects were predominantly male (75%), with an average age of 7.55 -1.87 years, with variable courses and cooccurring symptoms (Table 1) . Notably, approximately one third had a prior speech disorder (phonological or stuttering or recovered delayed speech) and 55% had had adenoids and/or tonsils removed prior to onset.
Preliminary efficacy
To determine the effectiveness of cefdinir treatment on symptoms of OCD, CY-BOCS scores were analyzed by symptom groups (OCD or tics) as determined by the treating clinician as outlined earlier. Patients presenting with symptoms of OCD and randomized to the cefdinir group (n = 6), showed an average decrease in CY-BOCS score of 7.83 (Fig. 2) . The placebo arm (n = 10) by comparison, showed a CY-BOCS decrease of 4.70 (Fig. 2 ). There were also large within-group treatment effects (d = 1.22) observed for the cefdinir group, compared with only moderate within-group effects for placebo treatment (d = 0.51). These differences were not significant between the cefdinir and placebo groups (F [1, 13] = 0.385, p = 0.546, d = 0.24 [weak between-group effect]). Similarly, for OCD CGI-Severity (CGI-S) scores, there were no significant between-group differences (F [1, 12] = 0.661, p = 0.432; d = 0.36) ( Table 2) .
Next, we examined the efficacy of cefdinir in reducing the intensity and frequency of phonic and/or motor tics in patients presenting with a clinical diagnosis of tics or OCD/tics. Patients randomized to receive cefdinir treatment, who presented with symptoms of phonic and/or motor tics (n = 8), showed improvement in tic symptoms relative to the placebo arm (n = 8), with the cefdinir group showing an average decrease in YGTSS scores of 9.50 (Fig. 3) . By contrast, patients randomized to the placebo group demonstrated an overall average decrease in YGTSS scores of 0.13 (Fig. 3 ). There were also large within-group treatment effects (d = 0.97) observed for the cefdinir group, compared with very weak effect for placebo treatment (d = 0.01). Despite the improvements within the cefdinir group, and a moderate between-group treatment effect (d = 0.72), the between-group differences observed between cefdinir and placebo treatment were not statistically significant (F [1, 13] = 4.030, p = 0.066). Patients randomized to the cefdinir group who experienced symptoms of phonic and/or motor tics had reductions in tic CGI-S scores compared with those taking placebo, although between-group differences were not significant (F [1, 11] = 2.890, p = 0.117; d = 0.53) ( Table 2) .
Although improvements in OCD and tic symptomology, as assessed by the CY-BOCS and YGTSS, were utilized as the main measures of cefdinir efficacy, we also employed additional neuropsychiatric measures to assess symptom improvement for symptoms of ADHD and mood. For ADHD, which is often observed within this population, two out of nine subjects randomized to the cefdinir group met criteria at baseline and at the end of 30 days treatment for SNAP-IV subscales of inattention and hyperactivity/impulsivity, and one also met criteria for oppositional defiant disorder (ODD). Among the placebo group, one subject met criteria for hyperactivity/impulsivity at baseline but not at 30 days, whereas another met criteria for ODD at the end of 30 days (but not at baseline). Although there were improvements in symptomology and decreased scores for the cefdinir group, there were no significant group differences in SNAP-IV ratings at post-treatment (F [1, Table 3) .
Post-hoc examination of youth showing large reduction in symptoms
Two subjects in the cefdinir group had a large improvement ( > 50%) in OCD symptoms (average CY-BOCS change of 12.5), as did two subjects in the placebo group (average CY-BOCS change of 16.5). It is of note that one of the two subjects receiving cefdinir with large reductions in OCD severity presented with recent, but not dramatic, onset, and the other had an episodic course. One youth on placebo presented with an initial sudden and severe symptom onset, whereas another youth displayed episodic course. In addition, two subjects receiving cefdinir had dramatic improvements in tic severity (YGTSS average tic score improvement of 20); one had an onset that was not sudden and severe but with sudden and severe flare, and the other subject had episodic tics. All of these subjects with large symptom reductions had both OCD and tics, with one subject having large reductions in both OCD and tics.
Safety
There were few adverse events associated with cefdinir treatment, with most common adverse events being gastrointestinal disturbance such as abdominal pain and diarrhea. However, adverse events were reported in both cefdinir (n = 6) and placebo groups (n = 8) (Table 4 ). These events were transient and not serious. During the randomized controlled trial, two subjects in the placebo group were treated with antibiotics for infections (pneumonia and otitis, respectively) and one in the cefdinir group was treated (otitis). Neither of these subjects were the four with very much improved OCD and/or tics, who were described previously.
Discussion
Although the etiology of tic disorders and OCD remains unclear, research continues to suggest an infectious or immune-based etiology in a subset of individuals. Observations from disorders sharing similar clinical characteristics, such as Sydenham's chorea, with evidence of antibody-mediated neuropathology, and clinical observations from patients presenting with abrupt symptom manifestations following acute infections, have all indicated aberrant immunological responses to infection as a key disease mechanism. Infection and the resulting immune responses are proposed to trigger a cascade of events, including antibody cross-reactivity, that culminates in the clinical presentation. Serological studies further support this theory, showing atypical streptococcal antibody responses from the sera of tic patients (Bombaci et al. 2009 ). In a study by Snider and colleagues, in which patients presenting with a sudden onset of OCD and/or tic symptom were giving prophylactic antibiotic treatment, a significant improvement in the frequency of neuropsychiatric flares was observed, further suggesting an infection-mediated and/or immune-related etiology (Snider et al. 2005) .
In this pilot study, we aimed to determine the safety and efficacy of the antibiotic cefdinir in children with recent onset OCD/tics. This study did not require acute and severe onset of OCD/tics nor 
FIG. 3.
Average change in Yale Global Tic Severity Scale (YGTSS) scores for subjects receiving placebo or cefdinir treatment. Delta scores represent changes in YGTSS scores taken at baseline and end of study. Negative signs denote an increase in scores. SNAP-IV, Swanson, Nolan, and Pelham-IV Parent Scale; TODS, Tourette's Disorder Scale; ODD, oppositional defiant disorder; OCD, obsessive compulsive disorder; ADHD, attention-deficit-hyperactivity disorder.
did it require evidence of infectious trigger, but rather focused on recent-onset pediatric neuropsychiatric disorder, as many children may have subclinical infections or non-GAS infections. In patients randomized to the cefdinir group, symptoms of OCD and tics improved following 30 day cefdinir treatment, with moderate treatment effects observed with tic symptoms, suggesting that cefdinir might be a useful therapeutic tool in treating the symptoms of OCD and tics for youth with recent onset of symptoms. Although we did not detect significant group differences between the cefdinir and placebo groups, we did observe large within-group treatment effects for the CY-BOCS and YGTSS for the cefdinir group but not the placebo group, suggesting improvement with cefdinir, especially for the youth with tics. Moderate between-group treatment effects for YGTSS further supported the benefit for tic symptoms. With further investigation, including a fully powered study, we may also be able to identify certain characteristics such as age, duration of neuropsychiatric illness, symptom presentation, type of infection, immune risks, family history, and comorbid disorders that may influence treatment response. These factors may aid in defining persons who may respond optimally antibiotic intervention.
Cefdinir, like other cephalosporins, exerts its effects through disruption of bacterial protein synthesis. In addition to their antibacterial activity, this group of antibiotics has immunomodulatory effects, an attribute that may help explain its potential therapeutic effects (Ramos-Sevillano et al. 2012) . Interestingly, other cephalosporins, such as ceftriaxone, have been shown to exhibit antidepressant properties, via increasing glutamate uptake in a mouse model of depression (Mineur et al. 2007; Thone-Reineke et al. 2008) . Although the exact mechanism of action is still largely unknown, these properties may help explain the mechanism by which cefdinir may improve OCD and tics in the earliest stages of these disorders. Furthermore, it may help further support the possible link among infection, immune disruptions, and the neurological manifestations seen clinically in disorders such as OCD/tics.
Although cefdinir was well tolerated in this study, risks versus benefits of this treatment warrant very careful consideration. Risks of long-term use of certain antibiotics as it pertains to promoting the resistance of certain microbes, risk of allergic reaction, risk of intestinal overgrowth presentations, and cardiovascular complications are possible. Cephalosporin antibiotics have also been shown to increase the risk of seizures, particularly in patients with renal impairments (Grill and Maganti 2008) . Although we did not encounter this within our study, the potential for neurotoxicity must be carefully examined when considering implementing this treatment regimen.
Limitations
As mentioned, this study was a small pilot to investigate the use of cefdinir in the treatment of symptoms of recent onset OCD and tics. There are a few limitations of the current study that may impact the interpretation of outcomes. The most notable limitation was the small sample size utilized, which limits the amount of statistical significance that we can attribute to the study. Additionally, there were baseline differences in OCD and tic symptom severity; specifically, patients randomized to the cefdinir group presented with higher ratings, indicative of more severe symptomology. Although statistical analyses were performed to account for baseline differences, the potential exists for confounding the outcome. There were also limitations attributed to the study medication. Because of the liquid formulation of cefdinir, the integrity of the double blind may have been impacted more than would have been the case with tablet formulations, as taste, color, and consistency are more difficult to match to placebo. However, we were only aware of this occurring on one occasion. Additionally, subjects who had intercurrent infections requiring an antibiotic during the course of the study limited the total number of subjects receiving no antibiotics in the placebo arm during the course of the study. Lastly, the retrospective nature of parent report of initial symptom onset and course needs to be considered, because of the inherent recall bias associated with retrospective reporting.
Clinical Significance
Infections and immunological disruptions have recently gained momentum, with increasing evidence of the linkage between immune disruptions and neurological disturbances. Although other factors such as genetics, behavioral theory, and abnormalities in neurotransmitter systems should always be considered, the idea of an immune etiology opens the door for the utilization of known pharmaceuticals, including antibiotics.
Conclusion
In this study, we showed the potential for cephalosporin to reduce symptoms of OCD and tics in patients with a recent onset of symptoms. This study is preliminary, but results suggest that further investigation is warranted in order to establish relevance in standard clinical care. Additionally, this study highlights important areas in need of further investigation, in particular, the effects of comorbidity on treatment response, and potential predictors of disease course and treatment response. For example, because of this small sample size, it is unclear if those with symptoms with more dramatic onset fared better than those with a less dramatic onset of symptoms. Subjects with large symptom improvement did appear to have a dramatic onset, flares, or an episodic course. This was observed in the placebo arm as well, suggesting that some children with these types of courses may improve spontaneously. Armed with this information, we may be better able to improve diagnosis and treatment of these individuals by creating more tailored interventions that address their unique clinical presentations. 
